Benzo [a]pyrene (B[a]P) is a potent environmental carcinogen that is metabolized into diolepoxides that react with exocyclic amines in DNA. These DNA adducts have been shown to block DNA replication by high-fidelity polymerases and induce both base substitution and frame-shift mutations. To better understand the molecular mechanism of B[a]P-induced mutagenesis, a fluorescence resonance energy transfer (FRET) method was developed in which the (+) or (−)-trans-anti-B[a]P-N 2 -dG adducts, positioned in the active site of DNA polymerase I (Klenow fragment), serve as donor fluorophores to an acceptor molecule positioned on the DNA primer strand. FRET was measured for a primer that ended one nucleotide before the adduct position and one that ended across from the adduct and used to estimate the distances between the two fluorophores. These estimates are consistent with prior studies that suggest the adducts are positioned in the minor groove. A comparison of the FRET for the (+) and (−)-trans B [a]P adducts in the Klenow active site suggested that the (+)-trans adduct is positioned about 2 Å further from the acceptor, consistent with the structural differences observed in duplex DNA where it has been shown that the (+)-trans adduct is oriented towards the 5'-end of the template strand while the (−)-trans adduct lies towards the 3'end. Surprisingly, the adduct position did not change significantly when the primer was one nucleotide longer. The addition of either a correct (dCTP) or incorrect nucleotides showed only minor differences in FRET suggesting that the adduct did not undergo a large change in the position within the polymerase active site, as expected if the adduct inhibited the polymerase conformational change.
it is attached while the (−)-trans adduct is oriented towards the 3'-end (8) . The structure of the (+)-trans adduct at the primer-template junction shows the B[a]P moiety no longer in the minor groove but instead stacked with the terminal base pair and rotated into a syn conformation (8) .
NMR structural studies on DNA containing a (+)-trans adduct at a primer-template junction have also shown that there is a substantial change in the position of the adduct when the primer is extended from a position one nucleotide before the adduct position to a position that terminates across from the adduct (9, 10) . In the former case, the adduct is stacked with the last base-pair of the double-stranded segment of the primer-template, such that the modified guanine is displaced towards the major groove and adopts syn conformation. In contrast, when the primer is extended one nucleotide and contains a cytosine across from the modified guanine, the pyrenyl ring is positioned on the minor groove side of the primer-template pointing towards the 5' end of the template strand similar to what is observed in fully duplex DNA.
A crystal structure of B. stearothermophilus polymerase I fragment (BF) has been reported where the polymerase is bound to a primer-template containing a (+)-trans-anti-B[a]P-N 2 -dG adduct in which a C in the primer is positioned across from the modified G (11) . The adduct in this structure adopts a conformation that places the pyrene moiety into the minor groove but which causes substantial distortion of both strands of the DNA duplex. The normal interactions between the amino acid side chains in the active site and the terminal base pair are also disrupted, as well as the binding pocket for the incoming dNTP. A molecular dynamics simulation analysis has also been carried out using rat DNA polymerase β complexed with primer-template DNA containing the (+)-trans-anti-B[a]P-N 2 -dG adduct (12) . The primer in this study was terminated before the adduct position and the pyrenyl ring was found to be stacked with the last base-pair of the double-stranded segment of the primer-template, resembling the above mentioned NMR structure except that the modified guanine retained the anti conformation. A second computational study suggested a different structure for the (+)-trans-B[a]P-N 2 -dG adduct positioned within the active site of the T7 DNA polymerase (13) . In this study the primer was terminated before the adduct and the simulation was carried out in the presence of the most commonly incorporated nucleotide, dATP. The structure that was determined showed the modified G in a syn conformation and the B[a]P moiety positioned in the major groove, thus allowing the incoming dATP to be accommodated.
Prior studies with DNA polymerase I (Klenow fragment) (KF) have shown that the presence of the (+)-trans-anti-B[a]P-N 2 -dG adduct decreases the binding affinity to the primer template (14, 15) . Moreover, the stability of the complex was further reduced in the presence of dNTPs suggesting that the conformational change to a closed ternary complex was inhibited by the presence of a B[a]P adduct (14) . In addition, unlike what is observed on unmodified templates, the tryptic digestion pattern of KF bound to (+)-trans B[a]P-modified primer-templates was independent of the presence of any dNTP, further evidence that these adducts inhibited the formation of the closed form of the polymerase (14) .
In the present study, we have developed an intermolecular fluorescence resonance energy transfer (FRET) system where the intrinsic fluorescence of the pyrene moiety of B[a]P is employed as the donor fluorophore and 7-dimethylaminocoumarin-4-acetic acid (DMACA) used as the acceptor fluorophore. Fluorescence resonance energy transfer is a technique widely used for measuring distances between two positions on biological macromolecules on a scale of between 10 and 100 Å (16) . The efficiency of energy transfer was determined when either the (+) or (−)-trans-anti-B[a]P-N 2 -dG adduct was present at the primer-template junction within the active site of KF. Quantum yields of both fluorophores were approximately equal to 0.04 and their excitation and emission spectra were virtually identical. Using a primer that ended one nucleotide before the modified guanine resulted in a more efficient energy transfer for the (−) trans adduct compared with the (+) isomer, suggesting that the (−) isomer was positioned closer to the acceptor fluorophore and thus pointing towards the 3'-end of the template strand. Extension of the primer by one nucleotide so that it ended opposite the modified guanine did not cause a large change in the FRET levels of the (+)-trans adduct, suggesting that no large movement in the adduct conformation had occurred. Finally, the addition of any dNTP did not result in significant changes the FRET efficiency for ether adduct. This is consistent with prior studies that showed that the B[a]P adducts inhibited the conformational change to a closed ternary complex (14) .
MATERIALS AND METHODS

Materials
The Klenow fragment of E. coli DNA polymerase I (exonuclease deficient) was either purchased from USB (Cleveland, OH) or was over-expressed and purified from a strain provided by Dr. Catherine Joyce (Yale University) that carries a double mutation, D355A and E357A (17) . T4 polynucleotide kinase and dNTP's were purchased from USB (Cleveland, OH). Oligonucleotides were purchased from Operon (Huntsville, AL) or Midland Certified Inc. (Midland, TX). [γ-32 P]ATP was from MP Biomedicals (Cleveland, OH). Racemic (±)-anti-BPDE was purchased from the National Cancer Institute Chemical Reference Standard Repository (Kansas City, MO). DMACA-SE was purchased from Invitrogen (Carlsbad, CA). Sub-micro quartz fluorescence cuvettes with a 15 µL capacity were purchased from Starna Cells (Atascadero, CA) Inc. All other chemicals and reagents were purchased from Fisher Scientific or VWR.
Synthesis and purification of DMACA-labeled and B[a]P-modified oligonucleotides
The sequences of the oligonucleotides used in the study are shown in Fig. 2 . All oligonucleotides were purified by 20% denaturing polyacrylamide gel electrophoresis and desalted on centricon ultracel YM-3 microconcentrators (Amicon). The 22-mer and 23-mer chain terminated primers were labeled with DMACA at the thymidine four or five nucleotides, respectively, from the 3' end using a C6 amine linker via succinylmidyl ester chemistry. Both the 22-mer and 23mer oligonucleotides (80 µL, 0.625 mM) were incubated in 20 fold excess of the NHS ester of DMACA in 20 µl of DMSO and 3 µL of diisopropylethylamine overnight at room temperature. Labeled oligonucleotides were separated from unlabeled by reversephase HPLC on a C18 column using a TEAA:acetonitrile gradient. The 28-mer oligonucleotides were modified by reaction with racemic (±)-anti-BPDE and the two major isomers were separated by reverse-phase HPLC and characterized as described in detail (18) . After purification all samples were dried down completely, resuspended in ddH 2 O then dried to completion again. All samples were stored at −20 °C in Chelex-treated ddH 2 O.
Gel retardation assay
To determine the minimum amount of Klenow fragment necessary to bind virtually all of the primer-template, a gel retardation assay was performed similar to those described previously (19) . The DMACA-linked 22-mer ( Fig. 2A) was labeled with 32 P using T4 polynucleotide kinase (USB, Cleveland, OH) as recommended by the supplier. This 22-mer was annealed with an equal molar amount of the B[a]P-linked template (Fig. 2) and the indicated amounts of Klenow fragment were incubated with this primer-template (50 nM) for 30 min at room temperature in 50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 1 mM dithiothreitol, 0.05 mg/mL bovine serum albumin and 5% glycerol. The reaction mixtures were analyzed in a 5% nondenaturing polyacrylamide gel that was pre-equilibrated with 36 mM Tris borate buffer, pH 8.3 as described (19) . The image was visualized using Molecular Dynamics PhosphorImager Storm and ImageQuant (Fig. 3 ).
Quantum yield of B[a]P
The quantum yield was determined by relating the quantum yield of a quinine sulfate reference standard to that of B[a]P-labeled 28-mer/22-mer unlabeled primer duplex in the presence of a 20-fold excess of KF using the following equation: Q B = Q R [(I B /I R )(OD R /OD B )(n B 2 /n R 2 )] where Q B and Q R are the quantum yields, I B and I R are the intensities, OD B and OD R are the optical densities and n B and n R are the refractive indices of the solutions for the B[a]P-labeled 28-mer (B) and reference (R) fluorophores, respectively (16) . The refractive indices determined for B and R were 1.3329 and 1.3340, respectively. For the (+)-trans adduct, the Q D was 0.040 and for the (−)-trans adduct 0.041.
Overlap integral (J)
The J-overlap integral is the normalized spectral overlap of the donor emission spectrum and the excitation spectrum of the acceptor. The following equation was used to calculate J-overlap for the B[a]P-DMACA FRET pair used in this study:
is the corrected fluorescence intensity of the donor in the wavelength range λ to λ+Δλ with the total intensity normalized to unity and ε A is the extinction coefficient of the acceptor at λ in units of M −1 cm −1 (16) . The J calculated for the B[a]P-DMACA FRET pair was 1.628×10 14 M −1 cm 3 (nm 4 ).
Ensemble FRET assays
A FRET assay was developed similar to that described previously (20) . Briefly, primertemplate complexes (100-200 nM) were annealed in the presence of 50 mM Tris-HCl, pH 7.5, containing 10 mM MgCl 2 and 1 mM dithiothreitol. Four separate annealing mixtures were necessary for each experiment, one containing both FRET donor (B[a]P) oligonucleotide and acceptor (DMACA) oligonucleotide, one duplex with the donor-labeled oligonucleotide, one duplex with the acceptor-labeled oligonucleotide, and one with the unmodified duplex, the last two needed for background subtraction (16) . To each annealed primer-template excess KF was added to ensure complete binding to the primer template (final concentration, 4-8 µM, final volume 18 µL). Each sample was incubated for 30 min and then injected into a micro fluorescence cuvette and scanned on an Aviv 107F titrating spectrofluorometer. Each sample was excited at 350 nm (2 nm slit) using an excitation monochrometer and the emission spectrum was collected from 360-600 nm (4 nm slit) at 25 °C using an emission monochrometer. The spectra from the unlabeled duplex was subtracted from the spectra of the B[a]P-labeled duplex, the DMACA-labeled duplex, and the B[a]P-DMACA labeled duplex. Excitation using 310 nm, 320 nm, 330 nm, and 340 nm gave nearly identical emission spectra. The intensity of the donor-only fluorescence was then compared to that of the FRET complex and the difference used to calculate the efficiency of energy transfer. The distance between the FRET pair was determined using Förster's equation; E = 1−(F DA /F D ) = R 0 6 /(R 0 6 +r 6 ) where E is the efficiency of energy transfer, F DA is the intensity of the donor in the presence of the acceptor, F D is the intensity of the donor in the absence of acceptor, and r is the actual distance between the two molecules (16) . The Förster distance (R 0 ) was determined as previously described (16) .
Fluorescence Anisotropy
Anisotropies of both the (+) and (−)-trans-B[a]P 28-mer templates annealed to the unlabeled 22-mer primer were determined using a Cary Eclipse Fluorescence Spectrophotometer (Varian, Palo Alto, CA) as described by Lakowicz (16) . Briefly, solutions comprised of primertemplates (625 nM) prepared using the unmodified 22-mer primer and the 28-mer template modified with either the (+) or (−)-trans isomers in 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM dithiothreitol and 12.5 µM KF were incubated at room temperature for 30 min prior to conducting the experiments. The solution was then excited using 350 nm light polarized along the z-axis using a slit width of 2.5 nm. Emission intensities were then collected both parallel (I ‖ ) and perpendicular (I ⊥ ) to the polarized excitation beam at 400 nm with a slit width of 10 nm. Measured intensities were averaged over 1 s. The anisotropies (r) of the solution was calculated using the following equation: r = (I ‖ − I ⊥ )/(I ‖ + 2I ⊥ ).
RESULTS
FRET system
The development of a FRET system to measure the position of B[a]P adducts in the active site of a DNA polymerase required the placement of an acceptor fluorophore on the DNA primertemplate whose excitation spectrum has good overlap (J-overlap integral) with the emission spectrum of B[a]P adducts in DNA. Shown in Fig. 4 are the absorption and emission spectra for the 22-mer DMACA-labeled primer annealed to the 28-mer template containing the (+)-trans B[a]P adduct ( Fig. 1 and fig. 2 ) in the presence of KF. For these experiments sufficient polymerase was added to ensure that complex formation is the favored solution structure. Prior studies using primer-templates modified with B[a]P adducts indicated a K D of about 1 nM for the binding of KF to a B[a]P-modified primer-template (14) . Knowing this value, we can calculate using Langmuir isotherm binding equation that at the concentrations of KF used for these studies (4 µM), the binary complex formation approaches 100%.
Each spectrum represents the excitation or emission spectrum of a primer-template complex bound to the active site of KF. As is evident from this analysis, excitation of the B[a]P adduct at 350 nm produces a fluorescence emission maximum at 380 nm, which matches very closely to the excitation maximum for DMACA. The (Fig. 2A) . This produced a primer-template construct in which the primer terminates one nucleotide before the adducted guanine (Fig. 2B) . The efficiency of energy transfer from the B[a]P adduct to the DMACA acceptor was determined by measuring the intensity of the B[a]P (donor) emission at 380 nm in the absence of the acceptor F D and the intensity of the B[a]P emission at 380 nm in the presence of the acceptor F DA (Fig. 6) . The (−)-trans adduct was more efficient at transferring energy to the acceptor as is evidenced by the greater reduction in F DA for the (−)-isomer compared with the (+) isomer. This strongly suggests that the (−)-trans adduct is closer to the DMACA acceptor when positioned in the KF active site, consistent with what would be expected if the (−)-trans adduct was pointing towards the 3'-end of the template strand and the (+)-trans adduct was pointing towards the 5'-end. These energy transfer differences correspond to an estimated distance of 16.9 Å for the (−)-trans adduct and 19.3 Å for the (+)-trans adduct (Table 1) , resulting in a difference of approximately 2.4Å. These results are consistent with NMR structures of the (+) and (−)-trans adducts positioned in fully duplex DNA, which shows the same relative orientations of the adducts (8) To ensure that the differences in FRET efficiencies observed for the (+) and (−)-trans adducts was not due to different environments in the polymerase active site, the anisotropy of each adduct was measured using an unlabeled 22-mer primer annealed to either the (+) or (−)-trans B[a]P modified 28-mer template bound to KF. The observed anisotropy for the two isomers was virtually identical (0.22 ± 0.03 for the (+)-trans isomer and 0.21 ± 0.04 for the (−)-trans isomer), indicating that the measured change in the FRET efficiencies observed for the two adducts is not due to differing active site environments.
FRET between (+)-trans-anti-B[a]P-N 2 -dG and DMACA using a primer that extends to a position across from the adduct
To determine if the relative position of the B[a]P adduct changed following nucleotide incorporation, a primer-template complex was constructed containing a (+)-trans B[a]P adduct and a 23-mer DMACA-linked primer providing a primer-template in which the primer is extended to a position across from the modified G (Fig. 2B) . The distance between the (+)-trans adduct and the DMACA was calculated to be 20.1 Å, a value that appears to correspond to relatively little movement of the adduct compared with the position of the adduct observed using the 22-mer primer. This suggests that the position of the adduct is not significantly altered when the adducted base moves from the pre-insertion to the post-insertion site. However, this result does not completely exclude the less likely possibility that the distance remained the same even though a major conformational change had occurred. 
Effect of the presence of dNTPs on FRET efficiencies
To determine whether or not a significant change in FRET efficiency occurs upon binding of an incoming nucleotide across from the adduct, FRET was measured using a dideoxyterminated 22-mer primer that extended to the position one nucleotide before the B[a]Pmodified guanine. These studies were also repeated with a dideoxy-terminated 23-mer primer that extended across from the modified guanine. With the exception of dGTP across from the (−)-trans adduct, none of the distances measured (Table 1) showed a large deviation from the distances determined in the absence of dNTP, consistent with prior studies that suggested that the (+)-trans B[a]P adduct inhibited the conformational change to a closed ternary complex (14) , as well as the strong inhibition of this adduct on incorporation across from or past the adduct position by high-fidelity polymerases (11, 22) . It is possible that the 1.9 Å change for the position of the (−)-trans adduct in the presence of dGTP is the result of a conformational change to a closed ternary complex.
DISCUSSION
Bulky adducts in DNA, such as the lesions caused by benzo[a]pyrene, are known to be strong blocks to DNA synthesis by high-fidelity polymerases (2, 3, 11) . Nucleotide incorporation across from B[a]P adducts by such polymerases occurs very slowly, with purines being the preferred base incorporated (3, 23, 24) , while extension past such structures is even more strongly inhibited (2, 11, 22) . Thus, it is clear that the position of these adducts in the polymerase active site disrupts the normal base paring that must occur with the incoming dNTP. Crystal structure (11) and molecular dynamic studies (13) have provided some details regarding the position of the (+)-trans-anti-B[a]P-N 2 -dG adduct in the active sites of two A-family polymerases. While the crystal structure of BF shows the B[a]P moiety is located in the minor groove with the base in the anti conformation when in the post-insertion complex, the B[a]PdG is disordered in the pre-insertion complex and thus its position cannot be defined (11) . The molecular dynamic studies of the T7 DNA polymerase show that the B[a]P adduct resides in the major groove with the B[a]P-dG in a syn conformation when in the pre-insertion complex in the presence of dATP, the nucleotide that is best incorporated in this system (13) . It is possible that the transition of the adducted base from the anti to syn conformation must precede nucleotide incorporation.
The FRET analysis we have used in this study gives further insight regarding the position of B[a]P adducts in the active site of a high-fidelity polymerase. We have used for these studies the Klenow fragment of DNA polymerase I and two structurally related B[a]P adducts, (+) and (−)-trans-anti-B[a]P-dG, both of which reside in the minor groove in duplex DNA but point in opposite directions (8) . The analysis we have performed is novel because we have used the adduct as the FRET pair donor, allowing us to directly compare the position of each adduct in the polymerase active site. We were also able to make these measurements when the adducted base is in the templating position or when there is a C in the primer positioned across from the modified G. Finally, the use of dideoxy-terminated primers allowed us to compare the adduct positions in the presence of each of the dNTPs in an effort to detect a conformational change to a closed ternary complex.
The distance between the (+)-trans-anti-B[a]P-dG and the DMACA acceptor was determined to be 19.3 Å when the primer extended to the position before the modified guanine and 20.1 Å for the complex with a primer one nucleotide longer. These values are in good agreement with the estimated distances based on a model of B-form DNA previously used to calculate distances in duplex DNA (21) . The fact that the adduct position does not change significantly when it moves from the templating position to the post-insertion site of the polymerase suggests that the adduct may reside in a similar conformation in both structures, with the G in an anti conformation and the pyrenyl ring positioned in the minor groove (based on the post-insertion BF crystal structure (11)). The distance determined for the (−)-trans-anti-B[a]P-dG was about 2.4 Å less than what was found for the (+) isomer. These values are consistent with the structures of these adducts in duplex DNA (8) , where the (+) isomer points towards the 5'-end of the template strand (i.e. away from the DMACA) while the (−) isomer points towards the 3'-end (i.e. closer to the DMACA) and supports the hypothesis that adduct structures observed in duplex DNA in solution are often maintained within the polymerase active site (25) .
One potential drawback to measuring distances using FRET is that the orientation of the transition dipoles of the two fluorophores (i. e. the orientation factor, κ 2 ) must be estimated to determine absolute distances. In the present study our assumption of 4/3 for this value assumes that one fluorophore (DMACA) is able to rotate freely in solution while the other is fixed along the axis of the DNA in the minor groove. It is possible that this orientation factor is incorrect and that the orientation of the fluorophores is either more random or more static. However, without additional structural information, these approximations are the best that can be applied to this system. Moreover, the focus of these experiments is not the determination of absolute distances but rather the change in the distances for each isomer and the effect of dNTPs on these measurements. Although the absolute distances would change with a more refined estimate of the orientation coefficient, the relative change between the efficiency of transfer between the different conditions should remain the same (26) .
The presence of each of the dNTPs resulted in little to no movement of either adduct in the polymerase active site, the largest change being the (−)-trans isomer in the presence of dGTP, which moves about 1.9 Å. Based on the structures of BF polymerase (11) and molecular dynamics studies (13) , one would anticipate a fairly large change in the position of the (+)-trans adduct when it moves from an anti to syn conformation that has been suggested to occur as the polymerase undergoes a conformational change to a closed ternary complex. Although some movement was observed when a dNTP was added in each case, it is not clear if the magnitude of the changes is consistent with a change in the structure of the polymerase-primertemplate complex that has been proposed to occur upon nucleotide incorporation opposite a (+)-trans adduct (27) . However, it is intriguing that that dGTP and dATP are the nucleotides best incorporated across from the (−)-trans adduct, unlike what is observed for the (+)-trans adduct where dATP alone is best incorporated (3) . The lack of a measurable conformational change also agree with prior protease digestion studies that were unable to detect the formation of a closed ternary complex when either a (+)-trans-or (+)-cis-anti-B[a]P-N 2 -dG adduct was positioned in the KF active site (14) . Finally, our studies do not rule out the possibility that a small level of this conformational change has occurred, but is not detected because the ensemble nature of this assay precludes measurement of a small structural subpopulation.
In summary, this study has demonstrated the utility of using FRET-based assays in determining structural characteristics of biologically relevant carcinogenic adducts in the context of a DNA polymerase active site. The results are consistent with structural and biochemical studies obtained using B[a]P adducts positioned in the active site of DNA polymerases and provides further support that the structures observed for the adducts in solution are maintained in the polymerase active sites. Because both fluorphores in this system are located on the primertemplate, this analysis can easily be extended to other polymerases, including bypass polymerases that may be involved in synthesis past these adducts in vivo. Finally, it may be possible to use this FRET pair in single-molecule investigations that might be able measure DNA synthesis on primer-templates containing B[a]P adducts. Klenow fragment binds efficiently to the modified primer-template. The DMACA-linked 22-mer primer shown in Figure 2A was labeled with 32 P as described in "Materials and Methods". This primer was annealed to the 28-mer containing the (−)-trans-anti-B[a]P-N 2 -dG adduct ( Energy transfer is more efficient for the (−)-trans-anti-B[a]P-N 2 -dG adduct. The emission spectra was measured for the 28-mer template modified with either a (+) or (−)-transanti-B [a]P-N 2 -dG adduct ( Fig. 2A) annealed to either an unmodified 22-mer or a DMACA-modified 22-mer (Fig. 2) in the presence of KF. Emission spectra were normalized to the peak excitation of the (+) or (−) adducts at 380 nm in the absence of the acceptor, DMACA. Emission spectra of the primer-template containing the (+)-trans adduct donor (▲); emission spectra of the primer-template containing the (−)-trans adduct donor (△); emission spectra of the primertemplate containing the (+)-trans adduct donor and the DMACA acceptor (■); emission spectra of the primer-template containing the (−)-trans adduct donor and the DMACA acceptor ( ). The concentration of the primer-template and polymerase for each experiment was 200 nM and 4 µM, respectively. Biochemistry. Author manuscript; available in PMC 2010 May 4.
